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I.  INTRODUCTION 
- 9  "7*^  Cr  fi,\»/tkdK^ 


A  BEAM  CURRENT  DENSITY  MONITOR 
FOR  INTENSE  ELECTRON  BEAMS 


-JW  describe  a  new  type  of  4dect«c^probe  for  mapping  the  radial  current  density  profile  of  high- 
energy*^  4  MeVr,  high-current  \>  1  kA)  electron  beams.  The  idea  of  developing  an  electrically  sensi¬ 
tive  probe  for  these  conditions  was  originally  suggested  to  one  of  the  authors'll.  Fiorito)  during  a 
years  visit  to  the  Lawrence  Livermore  National  Laboratory  ILLNLK  The  resulting  probe  is  intended 
for  use  on  the  Experimental  Test  Accelerator  (ETA)  and  the  Advanced  Test  AcceleratorlATAl' at  that 
laboratory. 

In  a  preliminary  experiment,  a  bare  wire  probe  was  inserted  in  the  ETA  beam.  The  dominant  sig¬ 
nal  from  this  probe  was  due  to  a  capacitive  coupling  between  the  entire  beam  and  the  probe.  (The 
probe  also  rang  at  —500  kHz.)  In  order  to  alleviate  these  problems,  a  new  probe  was  designed  which 
incorporated  an  electrostatic  shield  (Fig.  1).  The  sensing  tip  and  supporting  stalk  of  the  probe  now 
form  an  open-ended,  but  shielded,  SO  Q  coaxial  line.  The  outer  conductor  of  the  line  constitutes  the 
electrostatic  shield.  Tests  at  the  Naval  Surface  Weapons  Center  (NSWC)  using  a  Febetron  70SX  gen¬ 
erator  (1  —  2  MeV)  confirmed  the  shielding  effect. 


The  probe  is  inserted  radially  into  the  electron  beam  from  the  beam  line  wall  (Fig.  2).  The  beam 
passes  through  the  probe  and  secondary  electrons  “knocked  on"  from  the  tip  result  in  a  signal  propor¬ 
tional  to  the  intercepted  current.  A  small  electrostatic  coupling  to  the  beam  charge  present  inside  the 
tip  and  between  the  tip  and  the  shield  gives  an  additional  signal  proportional  to  the  time  derivative  of 
the  intercepted  current.  The  shielded  probe  possesses  the  spatial  resolution  to  allow  the  beam  profile  to 
be  determined  by  mechanically  scanning  the  probe  through  the  beam  as  a  function  of  radius. 


Because  of  their  repetitive  nature,  the  ETA  and  ATA  beams  will  cause  substantial  heating  of  the 
probe.  Experience  by  the  LLNL  group  with  other  probes  dictated  that  the  sensing  tip  should  be  made 
of  graphite  in  order  to  survive.  As  a  result  of  tests  at  the  Naval  Research  Laboratory  (NRL),  a  probe 
construction  was  found  that  would  tolerate  the  expected  temperatures. 

^-TX's  cL/yc y 

'  ~~y  hrtho  report  UHT  ftjlluws  we  discuss  in  detail:  the  mechanical  design,  the  electrical  response,  and 
temperature  effects,  as  they  pertain  to  the  electric  probe,  and  describe  the  first  experimental  results 
obtained  using  this  probe  on  ETA.^^^ 


II.  MECHANICAL  DESIGN 


\ 


Figure  3  shows  a  detailed  diagram  of  the  probe  built  at  NRL  and  subsequently  used  on  ETA.  The 
major  parts  of  the  probe  are:  (1)  the  inner  tip  made  of  AXFQ-50  Poco  graphite,  (2)  a  304  stainless 
steel  support  which  holds  the  sensing  tip  and  forms  its  electrical  connection,  (3)  the  electrostatic  shield, 
also  made  of  Poco  graphite,  (4)  a  nosepiece  which  holds  the  outer  tip,  (S)  a  3/4"  O.D.  stainless  steel 
tube  into  which  the  nosepiece  is  pressed,  (6)  a  teflon  plug  which  both  holds  the  inner  conductor  and 
forms  a  vacuum  seal,  and  (7)  a  pump-out  hole. 


The  entire  probe,  both  the  graphite  sensing  tip  and  the  stainless  steel  stalk,  is  designed  to  closely 
approximate  a  "capped-ofl*  50  O  coaxial  transmission  line  i.e.  an  open  ended  but  shielded  line.  The 
inner  tip  is  1  mm  in  diameter.  The  electrostatic  shield  is  2.3  mm  I.D.  with  1  mm  walls.  The  length  of 
the  sensing  tip  is  6  cm. 
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The  graphite  parts  of  the  probe  couple  to  their  stainless  steel  supports  via  interference  fit  joints. 
The  joints  are  expected  from  thermal  calculations  (see  section  VII)  to  operate  at  —500  K.  Differential 
expansion  causes  the  joints  to  become  loose  at  —1000  K..  The  wall  thickness  of  the  stainless  steel 
sleeves  is  such  that  at  room  temperature  the  compressive  stress  caused  by  the  sleeves  is  less  than  the 
yield  stress  of  the  graphite.  The  neck  just  behind  each  joint  can  be  bent  to  adjust  the  alignment  of  the 
probe. 

The  pump-out  hole  in  the  nosepiece  allows  the  probe  to  be  evacuated  by  the  beam-tine  vacuum. 
This  prevents  the  probe  from  being  shorted  by  an  internal  plasma.  The  probe  vacuum  could  also  be 
provided  externally  which  would  allow  the  probe  to  operate  in  a  gas  filled  beam  tine. 

The  probe  is  assembled  in  the  following  order:  (1)  press  the  inner  conductor  into  the  teflon  plug, 
(2)  press  that  assembly  into  the  stainless  steel  pipe,  (3)  press  a  1/4"  diameter  graphite  blank  into  the 
inner  conductor,  (4)  turn  the  blank  to  final  size  in  one  pass  using  a  follow  rest,  (5)  correct  the  align¬ 
ment  of  the  center  conductor,  if  necessary,  by  bending  the  neck,  (6)  press  a  pre-drilled  graphite  blank 
into  the  nosepiece,  (7)  press  the  nosepiece  into  the  stainless  tube,  (8)  correct  the  alignment  of  the 
outer  blank,  if  necessary,  (9)  turn  the  outer  blank  to  size  using  a  follow  rest,  (10)  x-ray  the  probe  from 
two  orthogonal  angles  to  check  the  internal  alignment  (Fig.  4),  and  (11)  bend  the  neck  in  the  nose¬ 
piece,  if  necessary,  to  correct  the  internal  alignment. 

IU.  CONDUCTION  CURRENT  SIGNALS 

The  incident  beam  produces  a  conduction  current  signal,  which  is  proportional  to  the  rate  of  elec¬ 
tron  deposition/depletion  in  the  sensing  tip.  Because  the  radius  of  the  probe  represents  a  small  fraction 
of  the  range  of  electrons  above  a  few  MeV,  the  incident  primary  electrons  pass  through  the  probe. 
Electron  deposition  in  the  sensing  tip  is  due  to  secondary,  knock-on  electrons  whose  tracks  begin  in  the 
electrostatic  shield  and  end  in  the  core.  Electron  depletion  in  the  tip  is  due  to  secondaries  whose  tracks 
begin  in  the  tip  and  end  outside  it  As  will  be  seen,  the  latter  dominates  in  the  cases  considered  here, 
and  the  result  is  a  net  electron  depletion. 

Calculations  of  this  deposition/depletion  were  done  with  the  cylindrical  version  of  the  Monte 
Carlo  code  ETRAN.1  Because  this  version  of  the  code  treats  only  homogenous  targets,  the  gap 
between  the  shield  and  the  tip  could  not  be  properly  taken  into  account.  Instead,  two  target  representa¬ 
tions  (Fig.  S)  were  considered  which  should  set  limits  for  the  net  electron  depletion.  In  case  a),  the 
gap  was  neglected  and  the  probe  assumed  to  be  a  solid  graphite  cylinder  of  1.5  mm  radius  with  a  central 
core  region,  the  sensing  tip,  of  0.5  mm  radius.  Neglecting  the  gap  will  lead  to  an  underestimate  of  the 
electron  depletion  in  that  elf  secondaries  crossing  inward  from  the  shield  must  now  enter  the  tip  to  pos¬ 
sibly  stop  there.  In  case  b),  the  probe  was  assumed  to  consist  of  the  core  alone,  i.e.  just  the  bare  sens¬ 
ing  dp.  In  this  case  the  electron  depletion  will  be  greatly  overestimated  due  to  the  complete  neglect  of 
secondaries  crossing  inward  from  the  shield. 

In  both  cases  a  uniform  electron  flux  was  assumed  incident  everywhere  along  a  long  (—100  mm) 
cylinder  so  as  to  minimize  any  end  effects.  Calculations  were  initially  done  for  5  MeV  and  50  MeV 
incident  electrons,  based,  in  each  case,  on  samples  of  50,000  primary  histories  and  all  secondaries  pro¬ 
duced  with  energies  greater  than  10  keV.  The  range  in  graphite  of  electrons  with  energies  below  10 
ksV  is  leas  than  0.0016  mm.  This  is  very  small  compared  to  the  dimensions  of  the  probe  and  justifies 
this  choke  of  the  cut-off  energy. 

The  results  are  given  in  Table  1  in  terms  of  an  electron  deposition  coefficient  A,  defined  as  the 
number  of  electrons  deposited  per  unit  length  of  probe  in  the  beam,  per  unit  incident  electron  flux. 
When  the  coefficient  A,  which  hiu  units  of  length,  is  multiplied  by  the  length  of  the  probe  in  the  beam, 

4  and  by  the  average  incident  current  density,*  the  result  is  the  signal  current  which  flows  from  the 
probe:  x 

Afcaal  ■  Al  <  J  >  (amps).  (1) 
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Table  1  —  Electron- Deposition  Coefficient  A 
in  Units  of  cm 


Electron 

Beam 

Energy 

(MeV) 


A  is  negative  for  the  5-  and  50-MeV  energies  and  for  both  the  shielded-core  and  bare-core  geometries, 
indicating  a  net  electron  depletion  in  all  cases.  The  bare-core  results  are  nearly  four  times  larger  in 
magnitude  than  those  for  the  shielded  core,  so  that  only  rather  wide  limits  would  appear  to  have  been 
set  for  the  actual  probe.  However,  because  the  shielded-core  geometry  is  much  closer  to  that  of  the 
actual  probe,  the  shielded-core  results  are  expected  to  be  more  applicable. 

Calculations  were  then  done  at  several  other  energies  for  the  shielded-core  geometry.  The  results 
of  these  calculations  are  plotted  in  Fig.  6.  Above  —4  MeV  an  apparently  small  energy  dependence  of 
the  results  is  difficult  to  separate  from  statistical  fluctuations  inherent  in  the  Monte  Carlo  calculations. 
Based  on  the  curve  in  Fig.  6,  the  conduction  current  can  be  expected  to  be  only  slightly  larger  for  SO 
MeV  electrons  in  the  ATA  as  for  S  MeV  electrons  in  the  ETA,  and  results  for  electrons  with  even 
higher  energies  can  be  estimated  by  extrapolation. 

IV.  DISPLACEMENT  CURRENT  SIGNALS 

The  presence  of  beam  charge  within  the  probe  will  cause  displacement  currents  to  flow  in  the  tip 
and  the  shield.  We  consider  this  process  in  several  steps  (Fig.  7).  In  Step  a),  we  have  made  an  instan¬ 
taneous  introduction  of  beam  charges.  (For  an  electron  beam  0i,Q2.andQ}.  are  negative  numbers). 
The  conduction  electrons  in  both  the  tip  and  the  shield  will  adjust  on  an  electrostatic  time  scale  (or  at 
the  speed  of  light,  whichever  is  slower)  to  produce  the  surface  charges  shown  in  b).  Current  then  flows 
from  the  dp  to  the  shield  until  they  reach  a  common  potential  as  shown  in  c).  This  balanced  flow 
accompanies  the  transverse  mode  of  the  coax.  The  common  mode  is  assumed  to  be  blocked  by  the 
ground  loop  inductance.  The  enclosed  charges  Q\,  Q2,  and  have  now  been  effectively  transported 
to  the  outer  skin  of  the  probe.  They  will  drain  down  the  outer  skin  to  the  beam-line  wall,  whereupon 
the  common  potential  will  be  the  beam  line  wall  potential. 

We  designate  the  surface  charge  on  the  tip  as  -k,Q2.  The  electric  field  between  the  conductors 
then  follows  from  Gauss'  law  (neglecting  end  effects) 

_  <T  [. 


EM  "  w  p  -  TPTl  <2> 

where  o  is  the  charge  per  unit  length  (<r  -  Qj/O**  and  r,  and  r0  are  the  radii  of  the  sensing  tip  and 
the  inside  surface  of  the  electrostatic  shield,  respectively.  When  the  conductors  reach  common  poten¬ 
tial  we  have 


Substituting  for  E(r)  we  find 


J*  '*  E  ■  dr  -  0. 

J'i 

(rf  -  r,1)  -  It}  In  (rjrj) 
2  In (rjr,)(ri  -  r,2) 


"MB  units  will  be  used  for  the  equations  in  sections  IV  and  VI. 
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Thus  the  toul  charge  that  flows  from  the  tip  is  given  by 

A(?  -  Qx  +  k,Q2.  (5) 

The  displacement  current  which  flows  in  the  probe  will  be  the  time  derivative  of  this  displaced  charge. 
The  displacement  signal  is  therefore  given  by 

-  jj  (Qi  +  k,Q2).  (6) 

In  analogy  to  Eq.  1  we  may  define  a  coefficient  B  such  that 

^signal  “  Bl  <  dj/dt  >,  (7) 

where  J  -  -n,ec  is  the  beam  current  density.  It  follows  from  Eq.  4  that 


-4 


The  numerical  value  of  Sis  6.4  x  10  13  (cm.  sec.). 

V.  RESPONSE  TIME 

The  response  time  of  the  probe  is  the  combined  effect  of  the  transit  time  of  the  beam  across  the 
probe,  the  electrostatic  relaxation  time,  dispersion  in  the  graphite  coax,  and  transit  times  for  reflections 
from  the  open  end  of  the  line.  The  beam  transit  time  is 


The  electrostatic  relaxation  time  is 


t  -  2^25-  =  10-11  sec. 
c 


r  -  —  =  ir16  sec. 
<r 


The  dispersion  in  the  graphite  coax  was  determined  experimentally  using  a  time  domain 
reflectometer  (TDR).  The  TDR  was  connected  to  a  complete  probe  (Fig.  8a)  and  to  a  probe  with  the 
graphite  tip  missing  (Fig.  8b).  The  rise  time  of  the  reflected  TDR  pulse  differed  slightly  in  the  two 
cases.  The  difference  implied  a  rise  time  of  ~ 5  x  I0~n  sec.  for  a  single  pass  through  the  graphite 
coax. 

The  probe  is  fundamentally  very  fast  as  seen  above.  The  primary  response  time  limitation  results 
from  the  open  ended  configuration.  Imagine  that  signal  pulses  are  generated  in  the  coaxial  probe 
approximately  one  beam  radius  from  the  open  end.  The  time  delay  between  receipt  of  the  first  pulse 
and  the  reflection  is  then 


which  is  —  lO-10  sec  for  rb  —1  cm. 

VI.  ELECTROSTATIC  SHIELDING 

The  probe  inside  the  beam  line  constitutes  a  1/4  wave  stub  with  a  resonant  frequency  of  ~1 
GHz.  The  sudden  introduction  of  the  beam  will  excite  this  resonance  (as  was  in  fact  observed  with  the 
unshielded  probe  mentioned  in  the  introduction).  The  probe  will  also  be  subject  to  RF  fields  due  to 
noise  on  the  beam  (e.g.  the  beam  breakup  instability  in  ETA  at  —800  MHz).  For  the  shielding  to  be 
effective  the  excited  current  flows  must  be  restricted  to  a  depth  which  is  small  compared  to  the  shield 
thickness.  The  skin  depth  is  given  by2 


■vw- 


and  for  graphite  at  ~1  GHz 


lirfiur  ’ 


-  1.5  x  10“5  m. 


Shielding  against  such  frequencies  is  therefore  excellent.  For  applied  fields  of  significantly  lower 
frequency  the  forced  current  flow  simply  keeps  the  probe  grounded  to  the  beam  line  wall. 

VII.  PROBE  HEATING 

An  equilibrium  temperature,  7V,,  for  the  probe  tip  can  be  ^calculated  by  balancing  the  average 
input  power,  /*„,  from  the  beam  with  the  radiated  output  power,  Paul  (in  this  particular  case  the  ripple 
in  is  small).  The  input  power  is  given  by 

^r-  (,0) 

Trap  (otpjf)  irrge 

where  V  is  the  immersed  volume  of  the  probe  tip  and  is  given  by 

V-2rbitr}  (11) 

for  a  fully  inserted  probe,  where  rp  is  the  outer  radius  of  the  electrostatic  shield.  The  output  power  is 
given  by 

PoM  *  vT4 •  2jt tp,  (12) 

where  or  is  the  Stephan-Boltzmann  constant.  Equating  P,a  to  P^i  and  taking 
Tf«p  ”  1  pps 
Tru.  -  50  X  Hr9  s 
p  —  1.8  gem-3 

- -  176  MeV  cmV 
d(px) 

/*  -  10 *A. 

rb  —  1  cm 

r„  —  2.15  mm. 


we  obtain 


=5=  1800  °K- 


This  calculation  can  be  recast  to  produce  a  limiting  value  for  the  current  density.  To  determine 
this  limiting  value  we  let  T  —  3800*K,  the  sublimation  point  of  carbon.  The  equation  for  yUmit  is 


nrb 


8  ere  Vp 


pbE 

d(px) 


Here  the  numerical  factor  1.3  is  included  to  account  for  a  more  realistic  density  profile  by  using  a  Ben¬ 
nett  profile  current  density  distribution.  The  result  may  be  stated  in  terms  of  a  maximum  average 
current  density 


Jw%  ”  J\\  I 


^  rm 


4.5  x  10~3(.4/cm2). 


The  following  model  is  used  to  calculate  the  temperature  along  the  probe  as  a  function  of  distance 
from  the  tip.  The  portion  of  the  probe  which  is  inserted  in  the  beam  is  treated  as  a  heat  source  main¬ 
tained  at  the  temperature  calculated  above.  The  remainder  of  the  carbon  probe  (S.6  cm)  and  the  stain¬ 
less  tube  beck  to  the  vacuum  seal  (IS  cm)  is  replaced  by  a  length  of  carbon  rod  of  equivalent  thermal 
conductivity  (12.4  cm).  A  room  temperature  heat  sink  is  assumed  to  exist  at  the  vacuum  seal. 

The  heat  flow  down  the  shaft  is  assumed  to  be  one  dimensional,  i.e.,  the  temperature  is  assumed 
to  be  constant  over  any  cross  section  of  the  probe.  The  differential  equation  for  the  temperature  as  a 
function  of  distance  along  the  probe  is  determined  by  equating  the  power  radiated  from  the  edge  of  a 
slice  of  thickness  dz  to  the  net  conductive  influx: 

~T^~  XT'.  (14) 
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where 


a  —  thermal  conductivity 
r  —  radius 

Since  it  is  desired  that  the  solution  to  Eq.  (14)  match  the  source  and  sink  temperatures  at  a 
specified  separation  in  z,  we  introduce  a  scaling  factor,  £,  on  z. 
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where 


An  analytic  solution  exists  to  Eq.  (16): 
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Equation  (18)  may  be  inverted  to  express  z'(D: 
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The  proper  £  may  be  determined  by  making  the  difference  in  position  for  the  hot  and  cold  tem¬ 
peratures  (Th.  Te)  equal  to  the  length  of  the  carbon  rod, 


Solving  for  £  gives 
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I  -  z(Tc)  -  z(Th)  -  ( 7T}/2  -  Th~in) . 
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The  solution  for  Tiz)  (Eq.  18  using  the  B  given  by  Eq.  21)  in  this  particular  instance  is  shown  in 
Fig.  9.  The  joint  would  be  at  the  position  z  «  6  cm  where  the  temperature  is  —  500°K. 


The  limits  of  applicability  for  the  one  dimensional  model  are  determined  by  requiring  that  any 
cross  section  be  approximately  an  isotherm.  This  is  assured  provided 


At  the  skin  of  the  carbon  rod 
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so  we  require 
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By  expressing  T  and  977  dz  using  (18)  we  find 
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In  this  case  the  approximation  is  good  for  T  <  10,000°K. 

The  thermionic  emission3  from  graphite  at  1800°K  is  —  10~4  A/cm2.  This  is  insufficient  to  pro¬ 
duce  any  appreciable  signal  in  the  probe. 


VQl.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 


The  probe  was  tested  at  the  Lawrence  Livermore  National  Laboratory’s  Experimental  Test 
Accelerator  which  is  capable  of  producing  a  repetitive  4.5  MeV,  10-kA  electron  beam  with  a  pulse  of  25 
ns  FWHM.  The  probe  was  placed  in  the  beam  line  immediately  following  the  accelerator.  A  "beam 
bug*t  located  a  few  centimeters  upstream  from  the  probe  location  measured  the  total  beam  current  as  a 
function  of  time.  The  electric  probe  was  radially  positioned  with  a  standard  LLNL  drive  mechanism. 
This  mechanism  was  capable  of  positioning  the  probe  tip  —  1  cm  past  the  center  of  the  beam  line.  The 
probe  could  be  remotely  scanned  while  the  beam  was  repetitively  pulsed  at  1  pulse/second.  A  com¬ 
puter  data  acquisition  system  recorded  probe  signals  and  probe  positions  throughout  the  scan.  Approxi¬ 
mately  300  signal  pulses  per  scan  were  accumulated. 

At  the  same  position  on  the  beam  line,  but  orthogonal  to  the  electric  probe,  a  LLNL  x-ray  "wire” 
probe  consisting  of  a  graphite  tube  filled  with  tungsten  powder  could  also  be  radially  scanned  through 
the  beam.  This  probe  was  approximately  the  same  length  and  diameter  as  the  electric  probe.  X-ray  sig¬ 
nals  proportional  to  the  intercepted  current  were  monitored  by  a  collimated  photomultiplier  tube  and 
scan  data  were  acquired  with  the  same  computer  system  as  used  with  the  electric  probe. 

Figure  10  shows  several  typical  signals  from  the  electric  probe  when  its  tip  was  fixed  at  the 
approximate  beam  centerline.  Figure  11  shows  the  total  beam  current  as  sensed  by  the  "beam  bug”. 
Also  shown  in  Fig.  11  is  the  expected  probe  signal  based  on  the  theoretical  values  of  A  and  B  (see  sec¬ 
tions  HI  and  IV)  and  the  "beam  bug”  trace.  This  expected  signal  is  given  by 
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t  A  wmtva  watt  currant  monitor. 


Comparing  Fig.  10  to  Fig.  11  it  is  apparent  that  the  probe  signal  contains  the  expected  conduction 
current  contribution  but  that  spurious  displacement  effects  are  present.  These  spurious  signals  are  attri¬ 
butable  to  motion  of  the  electron  beam  centroid.  This  motion  was  known  to  be  present,  especially  near 
the  head  and  tail  of  the  pulses.  Such  centroid  motion  can  give  large  and  sudden  changes  in  the  inter¬ 
cepted  current. 

Figure  12  shows  scan  data  for  the  electric  probe  at  a  time  of  28  ns  into  the  pulse.  The  beam 
current  is  not  changing  at  this  time  (Fig.  11),  and  the  beam  appears  to  not  be  sweeping  laterally  (Fig. 
10);  thus  these  signals  may  be  attributed  solely  to  the  conduction  current  effect.  The  available  scanning 
distance  was  insufficient  for  the  probe  to  traverse  the  entire  beam.  (A  full  traverse  of  the  beam  would 
produce  a  sigmoid  curve.)  This  prevents  any  direct  determination  of  the  beam  centerline  position  and 
an  experimental  determination  of  the  coefficient  A.  A  plot  of  the  derivative  of  the  scan  data  neverthe¬ 
less  gives  one  wing  of  the  beam  profile  (Fig.  13). 

The  theoretical  value  for  A  may  be  used  to  predict  the  centerline  location.  Using  the  definition  of 
A  as  given  by  Eq.  1  we  may  write 


Vp(rj)  -  50 A  f  'aj(r',t)dr'. 


where  r  is  the  distance  to  the  probe  tip  from  the  center  of  the  beam  line.  Taking  the  derivative  of  Eq. 
(26)  with  respect  to  r  yields 


from  which 
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The  total  beam  current  however  is  given  by 


/ft(r)  -  2*f0  ’>j(r,t)rdr.  (29) 

Substituting  for  j  in  Eq.  (29)  and  integrating  by  parts  leads  to 
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Assuming  A  and  Ib  are  known,  the  centerline  may  be  positioned  so  as  to  give  the  proper  value  to  the 
integral  in  Eq.  (30).  The  centerline  in  Fig.  13  was  obtained  in  this  manner.  The  vertical  scale  in  Fig. 
13  may  also  be  calibrated  if  A  is  known.  A  measured  slope  of  3  Vp/dr  (V/cm),  as  determined  for  a  par¬ 
ticular  position  from  Fig.  12,  corresponds  to  a  current  density  of 
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according  to  Eq.  (27). 


The  beam  radius  of  3.25  cm  (HWHM),  predicted  by  the  above  method,  is  consistent  with  beam 
transport  code  results  for  this  location  in  the  beam  line. 


A  scan  was  also  produced  of  the  probe  voltage  numerically  integrated  over  time  (Fig.  14).  This 
procedure  removes  all  displacement  effects  of  whatever  origin  and  results  in  a  time  integrated  beam 
profile  (Fig.  15).  The  beam  centerline  and  the  vertical  scale  were  determined  by  methods  analogous  to 

those  used  above. 


The  time  integrated  scan  results  in  a  narrower  profile  (2.45  cm  HWHM)  than  the  time  resolved 
result.  This  implies  that  the  radius  of  the  beam  was  largest  during  times  of  maximum  current. 

The  scan  curve  from  the  x-ray  probe,  numerically  integrated  over  time,  is  shown  in  Fig.  16.  The 
ordinates  for  each  scan  curve  are  scaled  so  as  to  match  at  the  final  probe  position.  When  this  is  done 
both  curves  are  seen  to  have  identical  shapes  (Fig.  14).  We  believe  therefore  that  the  beam  was 
cyiindrically  symmetric  even  though  it  wandered  from  the  axis  of  the  beam  line  and  that  both  types  of 
probe  are  capable  of  accurately  profiling  the  beam. 

IX.  CONCLUSIONS 

The  concept  of  a  simple  electric  probe  for  measuring  current  density  in  an  intense  relativistic  elec¬ 
tron  beam  has  been  successfully  demonstrated.  As  a  result  of  the  experiments  performed  with  this 
probe  we  conclude  that  (1)  the  theoretical  analysis  presented  here  is  basically  correct,  (2)  the  probe  is 
sensitive  to  beam  sweep,  but  it  can  profile  j(r.t)  whenever  the  beam  is  quiescent  and  can  profile 
Jj(r,t)dt  under  any  conditions,  and  (3)  a  survivable  probe  can  be  constructed. 

The  advantages  of  the  electric  probe  are  (1)  it  is  relatively  cheap  and  easy  to  reproduce,  (2)  it  fits 
within  an  o.d.  of  0.75  in.,  (3)  it  has  very  fast  time  response  (—  10-10  sec),  and  (4)  it  produces  an  elec¬ 
tric  signal  directly,  and  the  signal  is  proportional  to  the  intercepted  electron  beam  current.  The  disad¬ 
vantages  are  (1)  it  must  be  inserted  into  the  electron  beam,  (2)  in  order  to  obtain  a  profile,  the  probe 
must  be  scanned  through  a  repetitive,  reproducible  beam,  and  (3)  it  has  limited  spatial  resolution,  —2.5 
mm. 
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ngsamm  of  charge  within  the  probe  in  response  to  beam  charges  transiting  the  probe,  (a)  The  beam  is 
and  kept  on.  Q\.  Qj  and  Qj  are  the  beam  charges  before  the  probe  begins  to  respond.  The  probe  is 
grant  Than  ia  no  baam  stoppage  and  no  'knock-on.'  (b)  A  rapid  electrostatic  relaxation  has  taken  place, 
within  the  probe  have  displaced  radially  to  produce  surface  charges  and  to  eliminate  the  electric  fields 
.  (c)  Axial  currant  flow  has  transported  charge  from  the  inner  conductor  to  the  outer  conductor  to  bring 


Fig.  8  -  (a)  The  Time  Domain 
Reflactometer  (TDR)  connected 
to  a  complete  probe,  (b)  A  probe 
from  which  the  graphite  sensing 
tip  is  missing. 


Fi«.  13  —  The  beam  current  profile  at  28 
ns  as  determined  from  Fig.  12  and  the 
theoretical  probe  calibration 


Fi*.  14  —  Probe  voltage  summed  over  time 
versus  depth  of  insertion.  An  ordinate  of  1 
corresponds  to  1.56  *  10"7  volt-sec.  The  zero 
position  of  the  abscissa  is  arbitrary.  The  vertical 
line  represents  the  position  of  the  probe  tip  when 
the  nonuniform  base  of  the  probe  begins  to  enter 
the  beam. 
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Fig.  15  —  The  time  integrated  beam  profile  as 
determined  from  Fig.  14  and  the  theoretical 
probe  calibration 


Fig.  16  —  The  x-ray  probe  signal,  summed  over 
time,  versus  depth  of  insertion.  The  vertical  line 
represents  the  position  of  the  probe  tip  when  the 
nonuniform  boss  of  the  probe  begins  to  enter  the 
The  zero  position  is  arbitrary. 


